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a b s t r a c t
The nucleoprotein (N) of vesicular stomatitis virus (VSV) plays a central role in transcription and
replication by encapsidating genome RNA to form a nucleocapsid as the template for the RNA synthesis.
Using minigenome system we evaluated the roles of 21 amino acids of the N-terminal arm of N in
forming functional N–RNA templates and found that three triple-amino-acid substitutions (TVK4-6A3,
RII7-9A3, and VIV13-15A3) and one single-amino-acid substitution (R7A) resulted in RNA synthesis loss.
But all the mutants maintain the ability to oligomerize N, interact with P, and encapsidate viral RNA for
template formation. Further analysis showed that the nucleocapsid formed by these mutants failed to
protect RNA from nuclease digestion. Then, we found that only recombinant viruses containing R7A
could be recovered. Our results show that the several amino acids within the N-terminal arm of N
contribute to the template function beyond its role in RNA encapsidation and viral growth.
& 2015 Elsevier Inc. All rights reserved.
Introduction
VSV is a prototype member of the family Rhabdoviridae in the
order Mononegavirales. Like other members of the Rhabdovirus
family, its single-stranded, negative-sense RNA genome is 11,161
nucleotides (nt) in length and encodes 5 proteins in the following
order: nucleoprotein (N), phosphoprotein (P), matrix (M) protein,
glycoprotein (G), and the large polymerase subunit (L). Naked
genomic RNA of VSV cannot be used as template, and it must be
associated tightly with the N to form an RNase-resistant helical
nucleocapsid, which serves as a template for the viral polymerase
complex, composed of P and L, in viral RNA synthesis (Emerson
and Yu, 1975; Hill et al., 1979; Naito and Ishihama, 1976). There-
fore, the assembly of the nucleocapsid is a critical step in the
replication of VSV. The N and P of VSV are both the well-
characterized protein of the replicative complex according to
structural analyses. During replication, VSV genome is tightly
encapsidated with N which is thought to protect the VSV genome
RNA from being degraded (Emerson and Wagner, 1972; Ge et al.,
2010; Ruigrok et al., 2011; Soria et al., 1974; Wertz et al., 1987).
P acts as a chaperone by preventing N from binding to cellular
RNAs and maintains the replication-competent form of N during
infection (Chen et al., 2007; Davis et al., 1986; Howard and Wertz,
1989; Majumder et al., 2001; Masters and Banerjee, 1988), which
was conﬁrmed in a recent study: the extreme N-terminus of 60
amino acids of the P of VSV was found to interact with N lacking
the N-terminal 21 amino acids and to block the cellular RNA
binding (Leyrat et al., 2011).
On the other hand, L cannot directly interact with the N–RNA
template; thus, P also acts as a bridge that connects with the N–
RNA template for recruiting L to N–RNA (Emerson and Yu, 1975;
Mellon and Emerson, 1978). Previous studies showed that the C-
terminal residues of P are involved in N–RNA interaction (Green
and Luo, 2009; Green et al., 2000). In addition, they may also help
to protect L from proteolytic degradation (Canter et al., 1993;
Canter and Perrault, 1996). To form an integrated nucleocapsid, N
must have two essential properties. First, N needs to bind a single-
stranded RNA. Second, N has to oligomerize to encapsidate the
entire length of the viral genome RNA and protect it from nuclease
digestion. Previous studies have suggested that encapsidation is
initiated on speciﬁc sequences found within the leader RNA
of the viral genome, and N of VSV sequesters and protects not
only genomic RNA but also antigenomic RNA from digestion by
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nuclease (Soria et al., 1974; Wertz et al., 1987). However, mRNAs
cannot be encapsidated and remain nuclease sensitive (Emerson,
1987). Previous studies also showed that the N-terminal 350
residues of VSV N may contribute to RNA binding (Barr et al.,
1991) and that deletion of the N-terminal arm (amino acids 1–22)
of N prevents the encapsidation of RNA (Zhang et al., 2008). In
addition, others revealed that the C-terminal 5 amino acids of N
are involved in RNA binding. The mutants of N with deletion or
mutation in the extreme C-terminus did not encapsidate synthe-
sized RNA in vitro (Das et al., 1999) and the extreme C-terminus of
N is an important determinant of encapsidation and RNA synthesis
(Heinrich et al., 2012).
The N of VSV is always in an oligomeric state when associated
with RNA. Based on the 2.9-Å structure of the N–RNA complex, the
extensive intermolecular interactions of N monomers exist and
emphasize the importance of these interactions in the formation
of a stable N–RNA complex (Green et al., 2006). Within these
intermolecular interactions, the N-terminal arm interacts with the
C-terminal lobe of the central monomer and with the C-terminal
loop of the left-hand monomer (Green et al., 2006; Harouaka and
Wertz, 2009, 2012). And mutations in the C-terminal loop of N,
which disrupt the association of the N-terminal arm with the C-
terminal loop of N, affect VSV RNA replication and transcription
differentially (Harouaka and Wertz, 2009). Depending on the
intermolecular interactions of N monomers, the RNA is seques-
tered between the C- and N-terminal lobes of N (Green et al.,
2006), and only N molecules within the N–RNA complex can form
an interface via amino acids 354–386 for interacting with the C-
terminus of P to direct the access of the RNA polymerase complex
to N–RNA (Green and Luo, 2009); then, to ensure that the
polymerase correctly loads onto the RNA to initiate synthesis, N
may undergo a conformational change for transient dissociation
from RNA to facilitate the entry. However, the mechanism by
which this dissociation occurs to facilitate the binding of the
polymerase to RNA is uncertain. It is also unclear how N protects
RNA from nuclease digestion.
In the present study, we used a VSV minigenome system to
demonstrate that mutations within the N-terminal arm of VSV N
inhibit viral transcription and replication. By analyzing how such
mutations disrupt viral RNA synthesis, we provide evidence that
three triple amino acid mutations (TVK4-6A3, RII7-9A3, and
VIV13-15A3) within the N-terminal arm of N are not required for
encapsidation of RNA, but contribute to the protection of RNA from
degradation by nuclease; moreover, through the use of recombi-
nant viruses, we found that the effect of the mutations (TVK4-6A3,
RII7-9A3, and VIV13-15A3) are also critical for viral growth. We
also demonstrate although single amino acid mutations can gain
second-site mutations to compensate for functional loss in recom-
binant virus rescue, triple amino acid mutations (TVK4-6A3, RII7-
9A3, and VIV13-15A3) are deadly, indicating that structural fea-
tures within the N-terminal arm, and not speciﬁc amino acid
residues, may dictate efﬁcient RNA synthesis.
Results
Amino acids (aa) within the N-terminus of arm of N are required for
the function of N
Previous studies have suggested that the N-terminal arm of the
VSV N is critical for the oligomerization of N and RNA encapsidation
(Zhang et al., 2008). Another study by Harouaka and Wertz (2009)
showed that mutations of certain single amino acids in the N-
terminal arm, which disrupt the contact between the N-terminal
arm and C-terminal loop, actually do not affect RNA encapsidation
but instead alter N–RNA template function. To determine how the
N-terminal arm affects the function of N, we ﬁrst created three
truncated mutants from the N-terminus of N: NΔ5, NΔ10, and NΔ21
(Fig. 1A). In an established VSV minigenome assay, NΔ5, NΔ10, and
NΔ21 all greatly decreased the expression of reporter CAT compared
to wild-type N (Nwt) (Fig. 1B). We also noticed that relative CAT
expression can be increased to 60% of Nwt with the expression of
NΔ5 was gradually increased, but even the increased expression of
NΔ10 and NΔ21 was unable to further increase relative CAT
expression (data not shown). These ﬁndings suggest that the N-
terminal arm of N is critical for the function of N.
To identify the precise site(s) contributing to the normal
functions of N in the N-terminus of 21 aa, we employed triple
alanine-scanning mutagenesis within the N-terminus of 21 aa
(Fig. 1A). The function of individual alanine-scanning mutants was
determined in the same minigenome system. The level of CAT
expression supported by the mutants NTVK4-6A3, NRII7-9A3, and
NVIV13-15A3 was less than 10% of that supported by Nwt (Fig. 1C).
The expression levels of all the mutant proteins except NDNT10-12A3
were similar to the expression levels of Nwt (Fig. 1C bottom panel),
relative CAT expression supported by NDNT10-12A3 still reached
about 40% of that supported by Nwt. Next, we sought to narrow
the scope of amino acids that are important for the RNA synthesis
function of N; thus, we also generated nine plasmids encoding N
mutants containing unique alanine mutations within NTVK4-6A3,
NRII7-9A3, and NVIV13-15A3 (Fig. 1D). We repeated the aforemen-
tioned experiment using these individual mutants. With the
exception of NR7A by which CAT expression levels supported were
about 6% of that supported by Nwt, all the mutants supported CAT
expression levels comparable with expression levels supported by
Nwt (Fig. 1E, upper panel). Therefore, residue R7 alone is critical for
the function of N, but residues T4, V5, K6, V13, I14, and V15 may
regulate the function of N with other residues.
NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A greatly weaken both the
replication and transcription of the VSV minigenome
Our previous study showed that the CAT expression in the VSV
miningenome system was regulated by both transcription and
replication; that is, defects in either transcription or replication
result in the loss of CAT expression (Chen et al., 2013). Having
observed that NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A did not
support CAT expression, we next sought to determine whether
these mutants are transcription or replication defective or both in
RNA synthesis by real-time RT-PCR. The results showed that the
replication levels supported by NTVK4-6A3, NRII7-9A3, NVIV13-15A3,
and NR7A were reduced 60–70% (Fig. 2A), and transcription levels
supported by NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A were less
than 20% of that supported by Nwt (Fig. 2B). Thus, we assumed
that these mutants had an effect on both transcription and
replication, to greater degree on transcription. Because replica-
tion defects also inﬂuence transcription, and to conﬁrm that
transcription is also defective independent of effect of replication,
we used a replication-deﬁcient VSV minigenome (ΔTr minige-
nome) (Chen et al., 2013), and we repeated the aforementioned
experiment using the same mutants. The results showed that the
CAT expression levels supported by NTVK4-6A3, NRII7-9A3, NVIV13-
15A3, and NR7A were 10% less than the levels supported by Nwt
(Fig. 2C). These data demonstrate that NTVK4-6A3, NRII7-9A3, NVIV13-
15A3, and NR7A decreased both the replication and transcription of
the minigenome genome but decreased transcription to a greater
degree.
Characterization of NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A
To further determine why NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A
abolished the RNA synthesis function, we assessed the ability of these
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mutant proteins to interact with Nwt or P via co-immunoprecipitation
assay. HA-tagged Nwt or wild-type P (P) was speciﬁcally co-
immunoprecipitated by Myc-tagged NTVK4-6A3, NRII7-9A3, NVIV13-15A3,
and NR7A efﬁciently (Fig. 3A and C), indicating that mutations TVK4-
6A3, RII7-9A3, VIV13-15A3, and R7A had no effect on the interaction
between N mutant proteins and Nwt or P. In the N–RNA complex, N
exists as oligomers and one N molecule interacts with other three N
molecules by three kinds of contact (I, II, and III), and the N-terminus
of 21 aa is involved in contact I and contact III (Green et al., 2006;
Zhang et al., 2008). To conﬁrm that all the mutants indeed retained
the ability to self-associate via contact, we assessed the ability of these
mutant proteins to self-associate by co-expressing Myc-tagged and
HA-tagged N mutants. We found that all the mutant proteins retained
their ability to self-associate in spite of introduced mutations (Fig. 3B),
suggesting that function loss of these mutants was not due to the N
oligomerization and N–P interaction.
In the aforementioned co-immunoprecipitation assay for N–P
interaction, whole-cell lysates expressing N actually consisted of two
types of N: N0 (free of RNA) and N–RNA complex, both of which can
interact with P. Interruption of either N0–P or N–RNA–P interaction
will deﬁnitely result in a defect in the RNA synthesis function of N.
Therefore, we sought to determine whether the N–P interaction
observed was one of the two types of interaction or both. A previous
study showed that the NΔ21 puriﬁed from bacteria still can interact
with the N-terminus of 60 aa of P (PN60), forming the NΔ210–P60
complex, which is similar to the N0–P complex (Leyrat et al., 2011).
Similarly, we found that NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A
could all interact with PN60 in our co-immunoprecipitation assay
(Fig. 3D), suggesting that the N-terminus of 21 aa of N is indeed not
required for forming N0–P, and NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and
NR7A can all form the N0–P complex with P. Previous studies showed
that the C-terminus of P is critical for binding with N–RNA for the
transcription of genome RNA (Das et al., 1997). Thus, we constructed
a plasmid encoding the C-terminal 192–265 aa of P fused with HA-
GST. We observed that NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A
interacted well with HA-GST-P192-265 (Fig. 3E). Taken together, our
ﬁndings suggest that all these mutants can form N0–P and N–RNA–P
complexes.
NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A cannot protect genome RNA
from being digested by micrococcal nuclease effectively
A remarkable feature of VSV is that its encapsidated RNAs can
be protected from nuclease digestion (Harouaka and Wertz,
2009; Wertz et al., 1987). Having observed that NTVK4-6A3, NRII7-
9A3, NVIV13-15A3, and NR7A could encapsidate genomic RNA speci-
ﬁcally in the presence of P but did not support CAT expression,
we next sought to determine whether the encapsidated RNA
could be protected from nuclease digestion. Nwt or mutant
proteins were expressed together with P, L, and the minigenome,
and total RNAs were extracted, treated with or without micro-
coccal nuclease and analyzed by Northern blotting with a DIG-
labeled speciﬁc probe for the CAT gene. All of the minigenome
RNAs coexpressed with NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A
Fig. 1. The mutations in the N-terminal of Nwt affect CAT gene expression. (A) Schematic representation of full-length VSV Nwt, N with deletions at the N-terminal, and N
with three point mutations for alanine scanning. (B, C) BHK cells infected with vTF7-3 were transfected with plasmids as described in Materials and methods. Relative CAT
expression levels in the minigenome assay supported by N mutants were analyzed via CAT ELISA. The CAT expression levels of cells transfected with plasmids encoding Nwt,
as a positive control, were deﬁned as 100%. Expression of Nwt and N mutants was detected via Western blotting with anti-Myc antibody. (D) Schematic representation of N
with point mutations. (E) Relative CAT gene expression level analysis of N with point mutations. The CAT expression level of cells transfected with plasmids encoding Nwt was
deﬁned as 100%. Expression of Nwt and N mutants was detected via Western blotting with anti-Myc antibody.
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were almost completely digested by micrococcal nuclease, but mini-
genome RNAs encapsidated by Nwt were not digested (Fig. 4A).
Furthermore, not all minigenome RNAs were encapsidated (Fig. 4A,
upper and bottom panel, lane 2). To conﬁrm that minigenome RNAs
encapsidated by NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A cannot be
protected from micrococcal nuclease digestion, we performed an
immunoprecipitation-Northern blot assay. Minigenome RNAs were
co-immunoprecipitated with Nwt or mutant N proteins, but only
minigenome RNAs co-immunoprecipitated with Nwt could be pro-
tected from nuclease digestion (Fig. 4B–D), suggesting that RNAs
encapsidated by NTVK4-6A3, NRII7-9A3, NVIV13-15A3, and NR7A are nuclease
sensitive, and the template formed by these mutants is unstable and
not sufﬁcient for RNA synthesis, because there is no enough functional
template for transcription and replication.
Dominant-negative effect of NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 on Nwt
function
In the minigenome system, NTVK4-6A3, NRII7-9A3 and NVIV13-15A3
exhibited much lower RNA synthesis activity than Nwt and our
data also showed that these mutant proteins maintained the
ability to self-associate or interact with P. Therefore, we sought
to determine whether these mutant proteins have a dominant-
negative effect on the function of Nwt in the minigenome assay.
Our results showed that with the increase of mutant protein
expression, CAT activity supported by Nwt gradually decreased,
even below 12% compared to the positive control (Fig. 5), suggest-
ing that expression of mutant proteins interrupted the normal
function of Nwt in the minigenome assay.
Fig. 2. The aa 4–9 and 13–15 are critical for the replication and transcription of the VSV minigenome. (A and B) Minigenome RNA synthesis analysis of NTVK4-6A3, NRII7-9A3,
NVIV13-15A3 and NR7A. Transfection was performed as described for the relative CAT expression analysis inMaterials and methods. CAT antigenomic RNA levels and mRNA levels
relative to those supported by wild type N were analyzed via real-time RT-PCR. β-actin was used as a reference gene. (C) The ΔTr minigenome is supported by the N mutants.
CAT ELISA was performed as described in Materials and methods. The CAT expression level of the ΔTr minigenome supported by Nwt, as a positive control, was deﬁned
as 100%.
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NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 are defective in supporting viral
growth
Having observed that NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 are
transcription and replication defective, we sought to determine
whether these mutations have an effect on the virus life cycle. To
that end, these mutations were engineered into the N gene in the
context of the VSV genome. The recombinant viruses were
recovered as described in Materials and methods. Recombinant
viruses with mutations of K6A, R7A, and I14A were recovered
successfully even though R7A was defective in viral transcription,
replication, and the protection of encapsidated RNA from nuclear
digestion (Fig. 6A); however, recombinant viruses with mutations
in NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 were unable to be recovered
after many attempts, suggesting these triple amino acids together
contribute to viral growth. After sequencing, no any second-site
mutations in genome of recombinant virus were conﬁrmed. Then,
we also observed that recombinant VSV expressing NK6A and NI14A
can replicate to titter similar to that of recombinant wt VSV, but
virus expressing NR7A only can replicate to titers 1000-fold lower
than that of wt VSV at 37 1C at 24 hpi (Fig. 6A). Similarly, the
replication and transcription levels of virus expressing NR7A also
dramatically decreased compared to wt VSV, and virus expressing
NK6A and NI14A (Figs. 6B and 6C).
Discussion
Here, we identiﬁed the mutations of TVK4-6A3, RII7-9A3 and
VIV13-15A3 in the N-terminal arm of N, which severely weaken
the activity of transcription and replication of N, with a greater
effect on transcription. In spite of single-point mutations within
these amino acids having no effect on the function of N, except for
NR7A, suggesting that these amino acids contribute to the function
of N together (Figs. 1 and 2). The drop of RNA synthesis function
caused by NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 could derive from
several possibilities: (i) interruption of intermolecular interaction,
which is critical for the oligomerization of N and for the formation
of a stable N–RNA complex and protecting RNA from being
digested by nuclease; (ii) interruption of N0–P interaction, which
is indispensible for encapsidation of viral genome RNA; or (iii)
interruption of the interaction of N–RNA with P, which is the
prerequisite for the RNA polymerase complex to gain access to the
N–RNA template. After performing a series of in vivo co-
immunoprecipitation assays, we found that all the mutant pro-
teins maintain the N0–P as well as N–RNA–P interaction compared
to Nwt (Fig. 3); furthermore, Northern blot data suggested that
mutations in the N-terminal arm also do not signiﬁcantly con-
tribute to RNA encapsidation (Fig. 4 ). However, all mutant
proteins failed to protect the encapsidated minigenome RNA from
Fig. 3. N with point mutations in the N-terminus maintains N–N, N–P, N–PN60, and N–P192-265 interaction. (A) Myc-tagged Nwt or mutant N and HA-tagged Nwt were co-
expressed in BHK cells. (Left) Protein expressionwas detected via Western blot analysis using anti-Myc and anti-HA monoclonal antibodies. (Right) Immunoprecipitation was
performed using anti-Myc polyclonal antibody, and immune complexes were detected with anti-Myc and anti-HA monoclonal antibodies. (B) Myc-tagged and HA-tagged
Nwt or mutant N were co-expressed in BHK cells. Protein expression (left) and immunoprecipitation (right) were detected as described for panel A. (C–E) Myc-tagged Nwt or
mutant N and HA-tagged P, GST-PN60, or GST-P192-265 were coexpressed in BHK cells. Protein expression (left) and immunoprecipitation (right) were detected as described for
panel A.
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nuclease digestion (Fig. 4). Previous studies have shown that
Rhabdoviruse including VSV, RNA resistant to nuclease digestion
within template is indispensible for transcription and replication,
and N protein plays the critical function of enwrapping the
genomic RNA into an RNase-resistant nucleocapsid to form the
functional template (Banerjee and Chattopadhyay, 1990; Blumberg
et al., 1983; Wertz et al., 1987; Yang et al., 1998). Therefore, N
mutants NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 may form
unstable N–RNA templates, which are unable to support RNA
synthesis.
Without coordination of some residues within N-terminus of arm,
N may be unable to adopt the correct conformation to protect RNA
from digestion within the RNA binding cavity. We speculate that the
dominant-negative effect of the mutant N proteins may have been due
to the formation of multimers with Nwt protein or competition with
Nwt for binding to the C-terminal region of P (Fig. 5).
Previous studies have shown that both the N and C termini of
the VSV N are essential for RNA synthesis (Das et al., 1999;
Harouaka and Wertz, 2009; Rainsford et al., 2010; Zhang et al.,
2008). Our results were consistent with and extended the notion
that mutants are capable of encapsidating viral RNA in vivo, but the
mutant–RNA complex thus formed cannot be used, or is used much
less efﬁciently, for RNA synthesis. Results from several studies have
also shown that single-amino acid mutations in N inﬂuence the
template function of N–RNA, not for the encapsidation of RNA, in
transcription and replication (Harouaka and Wertz, 2009).
Interestingly, the failure of NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 to
protect encapsidated RNA from nuclease digestion conﬁrmed the
notion that residues within N can regulate RNA synthesis in
various ways. First, a polR VSV mutant caused by a single-amino
acid substitution in the N, in contrast to wt virus, frequently reads
through the leader termination site during transcription in vitro
(Chuang and Perrault, 1997; Helfman and Perrault, 1988; Perrault
et al., 1983). Moreover, amino acid mutations within N differen-
tially affect the viral nucleocapsid template functions without
inﬂuencing the RNA encapsidation (Harouaka and Wertz, 2009).
For example, mutation F348A within the C-terminal loop was
predicted to disrupt the association of the N-terminal arm and the
C-terminal loop of N but actually did not disrupt the intermole-
cular interaction of N, and the mutant still formed templates that
supported wt levels of RNA replication but almost no transcription
(Harouaka and Wertz, 2009). This disparate effect on transcription
and replication may be caused by two different polymerase
complexes (Qanungo et al., 2004), or polymerases may bind to
the template via different ways that are regulated by different
amino acids within N. Residues within N can also regulate RNA
synthesis by individual mutations of the residues within N that
potentially interact with RNA via hydrogen bonds. Rainsford et al.
(2010) found that several residues of N located in the RNA binding
cavity contributed to hydrogen bond formation and were critical to
Fig. 4. Nuclease sensitivity analysis of genomic RNAs encapsidated by Nwt or
mutant N proteins. BHK-21 cells infected with vTF7-3 were transfected with
plasmids encoding Nwt or N mutants, P, and the minigenome plus pBS-L or not.
(A) Lysates of transfected cells were prepared and digested with micrococcal
nuclease (DIG) or left undigested (Un). Total RNA was extracted by phenol-
chloroform. Genomic RNAs were detected with a DIG-labeled probe via Northern
blotting. In the gel, the transcriptional product synthesized by T7 polymerase was
separated from the genomic RNA. In the bottom gel in panel A, the majority of
genomic RNAs from the cells transfected with plasmids expressing mutant N
proteins were digested digested, but not Nwt. (B, C) Genomic RNAs co-immuno-
precipitated with Nwt by anti-Myc polyclonal antibody were resistant to nuclease
digestion. Mutant N proteins could not protect co-immunoprecipitated genomic
RNAs from nuclease digestion. (D) Protein expression (upper) and immunopreci-
pitation (bottom) were detected via Western blot analysis.
Fig. 5. The N protein with point mutations in the N-terminal has a dominant-
negative effect on CAT expression in the minigenome. BHK cells infected with vTF7-
3 were transfected with plasmids pBS-N (0.4 μg), AD-P (0.5 μg), pBS-L (0.3 μg) and
pVSV-CAT2 (0.5 μg) and gradually increased concentration of the plasmids which
encoded Myc-tagged Nwt, NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 individually. The
relative CAT expression level of cells transfected with only plasmids pBS-N (0.4 μg),
AD-P (0.5 μg), pBS-L (0.3 μg), and pVSV-CAT2 (0.5 μg), as a positive control, was
deﬁned as 100%. Expression of Nwt and N mutants was detected via Western blot
analysis with anti-Myc antibody (bottom).
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the encapsidation of RNA and template function . Mutations
within the extreme C-terminus of N do not inﬂuence N–P inter-
action, but some mutations indeed resulted in a heterogeneous
mixture of incomplete and closed ring structures or completely
failed to form ring structures of nucleocapsid (Heinrich et al.,
2012). In addition, although a recent study showed that naked
RNA can be initiated for RNA synthesis de novo at the 3-terminus
of the leader RNA by puriﬁed recombinant L without the need for
either N or P, it is insufﬁcient for full polymerase processivity and
requires the template-associated N and the P–L complex (Morin
et al., 2012), further indicating the importance of integrate N–RNA
template.
In the process of RNA synthesis, the RNA within the N–RNA
template is protected from nuclease digestion (Emerson andWagner,
1972; Ge et al., 2010; Ruigrok et al., 2011; Soria et al., 1974; Wertz et
al., 1987), suggesting a tight coordination of the interactions between
the transcription apparatus and the viral RNA. Based on structural
analyses of VSV N–RNA complexes, conformational change results in
the displacement of the N-terminal lobe, which is beneﬁcial for
polymerases binding to the viral genome during RNA synthesis, and
N-terminal lobe recaptures the genomic RNA to restore the N–RNA
template structure after RNA synthesis (Green et al., 2006). Interrup-
tion of the association of the C-terminal loop and N-terminal arm of
N may weaken the displacement of the N-terminal lobe and inhibit
polymerase access to the RNA genome during RNA synthesis (Green
and Luo, 2009; Harouaka and Wertz, 2009). However, none of the
mutants in our study were observed to weaken the association of the
C-terminal loop and N-terminal arm of N since they all self-
oligomerized well compared to Nwt (Fig. 3B). This prompted the
question of how the N-terminal arm is required for the protection of
RNA from nuclease digestion. According to the crystal structure of the
N–RNA complex (PDB: 2GIC) (Green et al., 2006), one N molecule in
the N–RNA complex interacts with its neighboring N molecules
through its N-terminal arm, which plays an important role in
maintaining the orientation of the N-terminal lobe. The correct
orientation of the N-terminal lobe is required for the formation of
the RNA binding cavity to bind the RNA tightly in the N–RNA
complex (Zhang et al., 2008). Thus, it is possible that NTVK4-6A3,
NRII7-9A3 and NVIV13-15A3 mutations in the N-terminal arm may
weaken the interactions of the three-component network, allowing
conformational changes to occur within the N–RNA complex, with-
out disrupting the polymeric status of the N protein (Fig. 7). The
conformational changes, in turn, likely account for the susceptibility
to nuclease digestion, as portions of the single stranded RNA could
become exposed and accessible. Taken together, the N-terminal arm
likely plays a key role in protecting the viral genome RNA through its
participation in reducing the dynamics of the N–RNA complex
assembly.
Surprisingly, although the ability of NTVK4-6A3, NRII7-9A3, NVIV13-
15A3, and NR7A all was decreased in supporting RNA synthesis and
weakened on protecting encapsidated RNA from nuclease diges-
tion, when mutations were introduced into the VSV genome, only
recombinant viruses expressing NWT and NR7A were rescued.
Possibly, because minigenome system only transiently drives
reporter gene expression and was harsher to the function of N
protein. Thus, the mutation of R7A has much more effect on the
expression of CAT in minigenome assay. Furthermore, although we
were able to recover recombinant virus with R7A mutation, it only
can replicate to titers 1000-fold lower than those of recombinant
wt VSV at 37 1C at 24 hpi in ﬁrst passage, which indicates R7A
mutation has a severely effect on the viral replication. This result is
also consistence with previous study (Harouaka and Wertz, 2012),
showing that the P131 R7A viruses replicated to titers 7000-fold
lower than those of rWT virus at 37 1C. However, no recombinant
virus expressing NTVK4-6A3, NRII7-9A3 and NVIV13-15A3 could be
recovered at 37 1C. These results suggest that simultaneous pre-
sence of triple amino acids (TVK4-6, RII7-9 and VIV13-15) are
therefore essential for the VSV life cycle. Previous studies have
shown that recombinant VSV expressing NR7A can gain second-site
mutation selected in cis-acting transcriptional regulatory seque-
nces at the gene junctions of G and L which compensate for NR7A
after ﬁve passages (Harouaka andWertz, 2012). Similar results also
showed that a mutation in the cis-acting transcriptional regulatory
sequence at the gene junction of the VSV genome compensated for
the attenuation of VSV replication caused by the insertion of a
noncoding gene between the N and P genes (Wertz et al., 2002),
Fig. 6. The characterization of recombinant viruses. (A)The growth curve of the rWT and N mutant viruses passaged at 37 1C. BHK-21 cells were infected with the indicated
viruses at an MOI of 3, and supernatants were harvested at 0, 2, 4, 8, 16, and 24 h postinfection. Plaque assay was used to determine the virus titers at each time point.
Replication levels of the P137 viruses were compared at 37 1C. (B, C) RNA synthesis analysis of P137 viruses (wt VSV, K6A virus, R7A virus and I14A virus). Relative antigenomic
RNA levels of recombinant viruses and mRNA levels of N, P, and L were analyzed via real-time RT-PCR. β-actin was used as a reference gene.
Fig. 7. Global view of the N–RNA complex crystal structure highlighting the
intermolecular network involving the N-terminal arm. The three-component net-
work was formed between the N-terminal arm of chain A (N-arm/A, hot pink), the
C-terminal lobe of chain B (C-lobe/B, orange), and the C-terminal loop of chain C (C-
loop/C, green). The RNA (blue) was shown using stick representation with
phosphate atoms highlighted as large gray spheres.
L. Chen et al. / Virology 478 (2015) 9–17 15
and passage of the recombinant VSV with the mutations in the
extreme C-terminus of N in cell culture resulted in compensatory
second-site mutations in close proximity to the original mutations,
suggesting the importance of the in intact structure of N in
regulating the function of N (Heinrich et al., 2012).
In summary, the work presented here demonstrates the impor-
tance of the function of three triple amino acids (TVK4-6, RII7-9
and VIV13-15) within the N-terminal arm of N involved in the
protection of RNA from nuclease digestion for template function.
Materials and methods
Plasmid constructs
To identify the key amino acids in the N-terminus of N, we
constructed a series of plasmids with mutations of the N gene of
VSV. pGBKT7-N cDNA was used as a template for all the genetic
manipulations to generate constructs encoding wild-type (wt) and
mutant N with a c-Myc epitope tagged at their N-terminus in
plasmids pGBKT7 and pCAGGS. Plasmids encoding wt P with a HA-
tag at its N-terminus and L were generated via a polymerase chain
reaction (PCR)-based approach, and PCR products were cloned into
pCAGGS. We constructed the VSV genome containing point muta-
tions in the N gene as follows: the fragments with point mutations
in the N gene were obtained by overlapping PCR. Then, the PCR
products were ligated with pVSVFL(þ) digested by SalI and
Bst1107I via a ligase-independent cloning way to substitute wt N
gene within the full-length genome of VSV. All constructs were
veriﬁed by sequencing.
VSV CAT minigenome assay
BHK-21 cells in six-well plates were infected with vTF7-3 and
transfected with either the plasmid BD-Nwt or plasmids encoding
mutant N proteins (BD-mutant N) plus pBS-L, pGADT7-P (AD-P),
and pVSV-CAT2 encoding either a VSV minigenome or the
replication-defective minigenome (ΔTr) (Chen et al., 2013). At
40 h post-transfection, cell lysates were subjected to a chloram-
phenicol acetyltrans-ferase (CAT) enzyme-linked immunosorbent
assay (ELISA) for the detection of CAT expression levels as
described by Chen et al. (2006). The expression levels of Nwt and
mutant N proteins were detected by Western blotting with a
monoclonal anti-Myc (sc-40) antibody. All assays were repeated at
least three times for accuracy.
RNA extraction and relative quantitative real-time RT-PCR
RNA extraction was performed by using an RNeasy mini kit
(Qiagen); following the manufacturer's instructions, 1 μg RNA of
each sample was treated with DNaseI (Invitrogen) and used for
reverse transcription (RT) using the reverse transcriptase (Roche).
As described earlier, oligonucleotide 50GCTGAACGGTCTGGTTATAG
30 was used as the primer for cDNA/antigenome detection, and the
oligo-dT was used as the primer for cDNA/mRNA detection. Real-
time RT-PCR was performed on an RT-PCR system (Bio-rad) using
SsoFast EvaGreen Supermix (Bio-rad) with a gene-speciﬁc primer
for antigenomic cDNA, CAT mRNA, or β-actin mRNA. β-actin was
used as the reference gene (Chen et al., 2013).
In vivo coimmunoprecipitation
BHK-21 cells in six-well plates were infected with vTF7-3 for
1 h at a multiplicity of infection (MOI) of 10 and then transfected
with the plasmids in the presence of Lipo-fectamine 2000 (Invi-
trogen). After 24 h of transfection, cell lysates were prepared as
described by Chen et al. (2006). Myc-tagged mutant N was co-
expressed with HA-tagged Nwt or P to assess interactions between
mutant N and Nwt or P. Myc-tagged and HA-tagged Nwt or N
mutants were coexpressed to assess the interaction of N–N. Myc-
tagged mutant N was co-expressed with HA-tagged GST-PN60 or
GST-P192-265 to assess the interaction between mutant N and the
N-terminus of P or the C-terminus of P. Precleared supernatants of
lysates were incubated with a polyclonal anti-Myc antibody for 2 h
at 4 1C with rotation. After centrifugation, supernatants were
mixed with protein G Sepharose 4 Fast Flow medium and rotated
overnight at 4 1C. Beads were collected and washed ﬁve times with
washing buffer. The beads were boiled in 2X sodium dodecyl
sulfate (SDS) loading buffer, and proteins were analyzed via SDS
polyacrylamide gel electrophoresis and detected by Western blot-
ting using an anti-Myc or anti-HA antibodies.
Nuclease sensitivity assay
After transfection, BHK-21cells were lysed with 600 μl lysis
buffer (1% NP-40, 0.4% DOC, 10 mM Tris–HCl, pH 7.4). For each
sample, one-third of the lysates was digested by micrococcal
nuclease (Fermentas) following the manufacturer's instructions.
The RNAs were puriﬁed by phenol-chloroform extraction and
ethanol precipitation, and the levels of genomic RNA were mea-
sured by Northern blot with a digoxigenin (DIG)-labeled probe
speciﬁc for genomic RNA.
Immunoprecipitation-northern blot
BHK-21 cells were infected with vTF7-3 and transfected with
plasmids encoding Nwt or mutant N proteins, P, and minigenome
in addition to pBS-L or not. After 40 h of transfection, cells were
suspended in 600 μl hypotonic buffer (10 mM HEPES [pH 7.6],
1.5 mM MgCl2, 10 mM KCl, 0.2 mM phenylmethylsulfonylﬂuoride)
with 0.5% NP-40 on ice for 20 min and centrifuged at 4000g at 4 1C
for 20 min. Then, 40 μl of protein G-agarose (Roche) per sample
was washed with 600 μl hypotonic buffer and added to the pre-
cleared cell lysate with 10 μl polyclonal anti-Myc antibody sc-789
(Santa Cruz). After 3 h of rotation with protein G-agarose beads at
4 1C, the beads were washed three times with wash buffer (10 mM
Tris [pH 7.6], 100 mM KCl, 5 mM MgCl2, and 1 mM dithiothreitol).
Then the beads of each sample were separated into two parts. One
part was treated with micrococcal nuclease (Fementas) according
to the manufacturer's instructions. The other part was left
untreated. All beads were eluted in 100 μl 50 mM Tris (pH 8.0),
1% SDS, and 10 mM EDTA at 65 1C for 10 min. Eluant of each
sample was treated with 100 μg proteinase K and 20 μg tRNA at
37 1C for 15 min, followed by phenol-chloroform-isoamyl alcohol
(25:24:1) and chloroform extraction, and precipitated by ethanol
with 10 μl 3 M NaOAc (pH 5.2) at -70 1C overnight. RNA was
puriﬁed by centrifugation for 30 min at 13,000g, washed with
70% ethanol, and suspended in 5 mM Tris (pH 8.0). Genomic RNAs
were detected by Northern blot with a DIG-labeled probe.
Recovery of recombinant virus
BSR-T7 cells at 80% conﬂuence in six-well plates were infected
with vTF7-3 at an MOI of 1 and transfected with pBS-N (5 μg), pBS-P
(3 μg), pBS-L (1 μg), and pVSVFL(þ) (5 μg) or pVSVFL(þ) with
mutations in the N gene (5 μg) with Lipofectamine 2000 (Invitro-
gen). After 6 h, the transfection mediumwas discarded, and the cells
were incubated with 2 ml of DMEM-10% fetal bovine serum at 37 1C
for 2 days. Then, the cells were frozen and thawed, and the clariﬁed
supernatant was collected via centrifugation, vTF7-3 was removed
by passing 0.22 μm ﬁlters and layered onto a fresh BHK cell
monolayer for ampliﬁcation at 37 1C for 24 h. Then, the supernatant
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was harvested and titrated. To isolate single recovered recombinant
VSV, agar plugs were picked up during titration. The agar plugs
were incubated in 500 μl of Opti-MEM at 4 1C overnight, and 250 μl
was added to the fresh BHK cell monolayer for ampliﬁcation of the
plaque isolates.
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